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Introduction: In vivo, the airway epithelium stretches and relaxes with each
respiratory cycle, but little is known about the effect this pattern of elongation and
relaxation has on bronchial epithelial cells. We have used a model of cell
deformation to measure the effect of stretch on inflammatory cytokine release by
the BEAS 2B cell line, and to examine the method of mechanotransduction in these
cells.
Methods: BEAS 2B cells were cyclically stretched using the Flexercell system. IL-8
and RANTES protein and RNA levels were measured after different elongations, rates
and duration of stretch. An inhibitor of Rho (Ras Homologous)-associated kinases was
used, to assess the effect of blocking downstream of integrin signalling.
Immunofluorescent staining of paxillin was used to study the effect of stretch on
the distribution of focal contacts and the organisation of the actin cytoskeleton.
Results: IL-8 release by BEAS 2B cells was increased by cytokine stimulation and
stretch, whereas RANTES levels in the cell supernatant decreased after stretch in a
dose-, time- and rate-dependent manner. Thirty percent elongation at 20 cycles/min
for 24 h increased IL-8 levels by over 100% (Po0:01). Blocking rho kinase using
Y-27632 inhibited the effect of stretch on IL-8 release by the BEAS 2B cells.
Immunofluorescent staining demonstrated that stretch caused dramatic disassembly
of focal adhesions and resulted in the redistribution of paxillin to the peri-nuclear
region.Elsevier Ltd. All rights reserved.
Lung Health, Glenfield Hospital, Groby Road, Leicester LE3 9QP, UK. Tel.: +44 116 2563841.
J. Wardlaw).
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Effects of mechanical stretch on mediator release from bronchial cells 1589Conclusion: This study demonstrates a marked effect of stretch on bronchial
epithelial cell function. We propose that stretch modulates epithelial cell function
via the activation of rho kinases. The observation that stretch promotes focal
adhesion disassembly suggests a mechanism whereby focal adhesion turnover
(coordination of assembly and disassembly) is essential for mechanotransduction in
bronchial epithelial cells.
& 2006 Elsevier Ltd. All rights reserved.Introduction
The bronchial epithelium has an important role in
both lung homoeostasis and in modulating airway
inflammation. Through the production of pro- and
anti-inflammatory cytokines, it is able to affect the
migration of leucocytes in the airway submucosa
and lumen and modulate the function of mesench-
ymal cells, including myofibroblasts and airway
smooth muscle cells. In various diseases including
asthma, cytokine production is increased, stimu-
lated by mediators such as TNFa and IFNg.1–3
The airway epithelium stretches and relaxes
during the normal respiratory cycle. Hyperexpan-
sion or hyperventilation of the lung exaggerates
this effect, and can result in changes to lung
physiology. Deep inspiration causes bronchodila-
tion,4–8 and inhibition of deep inspiration airway
hyper-responsivity.9,10 Mechanical ventilation
causes lung distension and has been linked to
changes in the inflammatory profile of the lung.
When lung resistance is increased, as in acute
respiratory distress syndrome (ARDS), lung compli-
ance falls, magnifying airway pressure and resul-
tant lung deformation. Reducing ventilatory
pressures has a significant effect on mortality in
patients with ARDS,11,12 with the Network ARDS
study 12 reporting a 22% reduction in mortality of
patients with ARDS when a limited ventilatory
strategy was employed.
Stretching of the airway therefore has a profound
effect on lung function and airway mediator
secretion, and has been proposed as a method of
initiating a potentially injurious inflammatory
response. Studies using isolated animal lungs have
shown increased release of inflammatory cytokines
compared with controls.13,14 Work with animal
models of ARDS has shown increased levels of both
lung and systemic cytokines with higher pressure
ventilatory strategies,15,16 and persistent elevation
of plasma cytokines has been shown to be asso-
ciated with increased mortality in patients with
ARDS.17
Despite the potential physiological importance of
stretch on the bronchial epithelium, most experi-
ments have hitherto been performed using staticcultured cells. Recent publications have begun to
study the effect of stretch on isolated bronchial
epithelial cell lines. For example, Vlahakis et al.18
used the A549 epithelial cell line to show that
cyclic stretch increased production of IL-8 in the
absence of structural cell damage. A subsequent
paper,19 also with A549 cell line, reported a
stretch-induced increase in IL-8 and transforming
growth factor-b1 release after 40% elongation, but
no significant increase with 20% or 12%. Oudin and
Pugin20 reported increased IL-8 from BEAS 2B cell
cultures exposed to 20% stretch at 20 cycles/min
for 8 and 24 h.
We hypothesised that stretching the BEAS 2B cell
line, a model of bronchial epithelial cells, would
produce varying responses in inflammatory media-
tor release. We aimed to use this model to assess
the role of integrin signalling in transducing
responses to mechanical stretch. Integrins are the
principal receptors for extracellular matrix (ECM)
proteins expressed by the adult human bronchial
epithelium. Adult human airway epithelial cells
express five integrins constitutively, and are re-
ported to express up to eight with appropriate
stimulation.21,22 As transmembrane receptors, they
are key to the formation of links between the ECM,
the actin cytoskeleton and various intracellular
signalling cascades.23 When integrins bind to ECM
proteins, an increase in lateral clustering and
occupancy of integrin–ligand binding sites occurs.
It is thought that integrins also undergo a con-
formational change at this time, enabling the
intracellular domain to interact with cytoplasmic
focal adhesion molecules, such as talin, paxillin and
a-actinin.
In fibroblasts, cyclic stretch stimulates the
alignment of the actin cytoskeleton and this has
been shown to be dependent on tyrosine phosphor-
ylation of a number of proteins present at the focal
adhesion, such as p130cas, pp125FAK and paxillin, as
well as the activation of RhoA; a GTPase critical for
the assembly of focal adhesions.24 The activity of
this catalogue of adaptors, kinases and GTPases is
known to impinge upon intracellular signalling
pathways (such as the ras–raf–MEK–ERK axis) that
control a wide range of cellular functions. Indeed,
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response to stretch of epithelial cells,25 highlight-
ing the need to investigate the role of rho/focal
adhesion signalling in lung epithelial cells and to
determine whether these pathways are necessary
for stretch-induced responses in these cells.
We report that blockade of rho signalling in BEAS
2B cells ablates the changes in IL-8 secretion that
are produced by cyclic stretch. Furthermore, we
show that stretch causes paxillin to redistribute
from the cell periphery and accumulate in the peri-
nuclear region, highlighting the role these path-
ways play in mechanotransduction in the lung
epithelium.Materials and methods
Cell culture
Human bronchial epithelial BEAS 2B cells were
obtained from a commercial source. Initially
derived from normal bronchial epithelium obtained
from autopsy of non-cancerous individuals, a
replication-defective SV40/adenovirus 12 hybrid is
used to infect the isolated cells, which are then
cloned.26 Microscopically, the cells retain the
appearance of type I epithelial cells, with similar
antibody staining to cytokeratin and adhesion
molecule expression, but do not form tight junc-
tions.21,27
Cells were cultured on six-well plates with a
collagen-1 impregnated silico-elastic flexible base
(Flexercell International). Wells were coated with
fibronectin for 2 h at 37 1C and excess removed.
Fibronectin was used at 40 mg/ml (stock 1mg/ml
solution: Sigma, cat. no. F0895); diluted with
phosphate-buffered saline (PBS). BEAS 2B cells
were cultured in 1:1 v/v DMEM/glutamax (Invitro-
gen): Ham’s F12/glutamax (Invitrogen) supplemen-
ted with 10% foetal calf serum (FCS) and incubated
at 37 1C in an atmosphere comprising 5% CO2 in air.
Cells were passaged prior to confluence with
trypsin EDTA 10 (Invitrogen, cat. no. 35400-027).
Cells were seeded at 2 105 cells/well and
cultured for 24 h to form a monolayer. Culture
medium was then removed and replaced with
either 2 or 4ml of fresh medium. Medium was not
changed in the experiments shown in Fig. 1B.
Method of cell stretch
The Flexercell Tension Plus system (Flexercell
Corp., FX-4000T) was used to stretch BEAS 2B cells.
This is a computer-driven system, which applies avacuum to the underside of a deformable mem-
brane, at a set elongation, rate and duration, with
the cultured cells adherent to the other side of the
membrane. Matched static and stretched wells
were used in each experiment.
Cells were stretched in a sinusoidal pattern to
either 10%, 20% or 30% elongation at 10 or 20
cycles/min for either 6 or 24 h. To achieve a 30%
elongation, approximately 21 kPa of pressure was
applied to the underside of the flexible membrane.
Measuring cell viability
Cell viability was assessed using the CellTiter 96
Aqueous Solution Cell Proliferation assay (Promega
G3582). Supernatants were removed, and cells
washed. One milliliter of CellTiter solution (diluted
in DMEM/F12 with 10% FCS) was added to each well.
Absorbency was read after 1 h on Wallac Victor 2
plate reader (Perkin Elmer Life Sciences,
Cambridge UK).
Cell stimulation
Cells were incubated for 24 h to ensure adherence.
In all experiments, except those shown in 1B, the
culture medium was removed and replaced with
fresh medium after the first 24 h. A concentration
of 5 ng/ml of each of TNFa (Sigma, cat. no. I6674)
and IFNg (Sigma, cat. no. I3264; stock diluted in
PBS) was then added to the cell culture medium.
Measurement of IL-8 protein levels using
enzyme-linked immunoabsorbent assay
(ELISA)
Aliquots of culture supernatant were harvested and
stored at 80 1C until assayed by ELISA using paired
antibodies (IL-8 capture mAb, R&D cat. no.
MAB208, detection mAb R&D cat. no. BAF 208;
RANTES capture mAb cat no. MAB 678, detection
mAb R&D cat. no. BAF 278) and recombinant IL-8
(R&D cat. no. 208-IL) or RANTES (R&D cat. no.
278-RN).
mRNA quantification using real-time PCR
The polymerase chain reaction (PCR) technique
enabled real-time, relative quantification of cDNA
levels. The assay was performed in an ABI PRISM
7700 Sequence Detection System (Applied Biosys-
tems) using predeveloped TaqMan assay reagents
containing either an IL-8 probe (Applied Biosys-
tems, cat. no. 4327042F) or RANTES probe (Applied
Biosystems, cat. no. 4329521T). Each reaction
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Figure 1 (A) IL-8 release by BEAS 2B cells. BEAS 2B cells
were subjected to stretch in a sinusoidal pattern at 20
cycles a minute, to a maximum elongation of 30%. After
24 h, significant increases in IL-8 levels from both
unstimulated and stimulated (5 ng/ml TNFa and IFNg)
cells were measured (n ¼ 11). (B) IL-8 concentrations
from stimulated BEAS 2B cells stretched at 20 cycles/min
for 24 h. Stretched cells released significantly more IL-8
than static after 20% elongation, and there was a trend
towards increased IL-8 release after 10% stretch. Each
data point represents an individual experiment. (C) IL-8
levels from supernatants harvested after 6 and 24 h of
either stimulation alone, or cells stimulated and
stretched at 20 cycles/min to 30% elongation. IL-8 was
significantly higher in cell supernatants after 6 and 24 h
of stretch compared with the static wells.
Effects of mechanical stretch on mediator release from bronchial cells 1591contained 25 ng of sample cDNA and 0.125 ml each
of forward primer, reverse primer and probe
according to the manufacturer’s protocols. 12.5 ml
of Taqman Universal PCR mastermix without UNG
(Applied Biosystems, cat. no. 4324018) and 7.125 ml
of sterile water were added to bring the final
reaction volume to 20 ml. Cycling conditions were as
follows: 2min at 50 1C, 10min at 95 1C and then 40
cycles of 15 s at 95 1C followed by one min at 60 1C.
Samples were arrayed (in duplicate) on a 96-well
assay plate. To produce a standard curve, a dilution
series was made from 2 ml of all eight RT+ samples
mixed together, and then spotted neat, or diluted
1/10, 1/20, 1/50, 1/100 and 1/1000. The Taqman
Universal PCR mastermix contains a ‘passive re-
ference dye’ (ROX) that does not participate in the
PCR reaction. Two readings are therefore detected,
and a normalised reporter value (DRn) is obtained
by subtracting the emission intensity for the
reporter dye from the emission intensity for ROX.
The threshold cycle (CT), is the cycle at which a
statistically significant increase in DRn is detected.
CT values (derived from the CT values for the
standard curve) for IL-8 ranged from 15.09 to
23.04, and for RANTES from 25.1 to 33.0.
Initially, the samples were run with primers and
probe for 18S, a housekeeping gene present in all
cells in approximately equal amounts. The process
was then repeated with the primers and probes for
either IL-8 or RANTES, values calculated for each
sample in duplicate and a mean taken. These were
then normalised for the 18S value (i.e. divided by
it) to allow for variations in initial cDNA quantities
and a normalised, unit-less, comparative result
obtained.Inhibition of Rho kinase
Cells were seeded and incubated for 24 h to ensure
adherence. Cell culture medium was removed and
replaced with fresh. Y-27632, a water-soluble
inhibitor of the effectors of Rho, Rho-associated
protein kinases28 (Alexis Biochemicals, 270-333-
M001) was then added to the culture medium prior
to stretch, at a concentration of 10 mM.Immunofluorescent staining
Plates were removed from the Flexercell system,
and washed three times with PBS/0.5% BSA. Cells
were fixed with 2% paraformaldehyde, and kept at
4 1C. Prior to staining, cells were washed with PBS/
1% BSA, and then permeablised with 0.2% triton.
This was then blocked with PBS/1% BSA, and cells
were stained with a mouse anti-human paxillin
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R.A. Thomas et al.1592antibody (Transduction Laboratories, cat. no.
P13520/46, stock 250 mg/ml) diluted 1:100 with
PBS/1% BSA. Cells were washed again and incu-
bated with a goat anti-mouse secondary antibody
(Southern Biotechnology Assoc. Ltd, cat. no. 1031-
02) diluted 1:100 with PBS/1% BSA.
Statistics
All results are expressed as mean values with
standard deviations. For each stretch data point,
the static control was kept under identical condi-
tions (see above) and therefore significance was
calculated using the paired t-test (Microsoft Excel).
Where the phrase ‘‘not significant’’ (P40:05) is
applied to results, this simply means that differ-
ences between data points did not reach statistical
significance using this method. The line graphs
were used as a method of displaying raw data, with
the lines linking data points for matched static and
stretched wells from individual experiments.0
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Figure 2 RANTES release by BEAS 2B cells. After cytokine
stimulation, baseline concentrations of RANTES ranged
between 500 and 4500 pg/ml. (A) BEAS 2B cells were
subjected to stretch in a sinusoidal pattern at 20 cycles a
minute, to a maximum elongation of 30%. After stretch
for 24 h, RANTES levels decreased significantly compared
with static wells. A fall was also seen after 6 h of stretch,
but this did not reach statistical significance. (B) A
decrease in RANTES release was also seen at reduced
stretch elongations, with a significant fall at 20%
elongation, and a similar trend at 10%.Results
Stretching the BEAS 2B cell line has opposing
effects on IL-8 and RANTES release
Stretch increased production of IL-8 from both
untreated and cells treated with IFNg and TNFa.
After 24 h of stretch to a maximum of 30%
elongation, IL-8 levels from unstimulated cells
increased from 0.82 (SD 0.98) to 3.54 ng/ml (SD
3.04; P ¼ 0:012, n ¼ 11). After cell stimulation
with the cytokines TNFa and IFNg, the baseline
levels in the control wells increased to 12.6 ng/ml
(SD 4.64), with a further, highly significant (Po0:01)
increase with stretch to 26.2 ng/ml (SD 9.25,
n ¼ 11) (Fig. 1A).
At reduced stretch magnitudes, there was a
trend towards an increase in IL-8 following 10%
stretch (mean increase 37%, n ¼ 8, P ¼ ns) (Fig.
1B), whereas levels significantly increased when
stimulated BEAS 2B cells were stretched to 20%
elongation (mean increase 83%, from 7.98 (SD 3.79)
to 14.5 (SD 0.45) ng/ml; n ¼ 4, P ¼ 0:046), showing
a dose-responsive trend. The increase in IL-8
release with stretch was also evident after only
6 h of stretch (Fig. 1C). IL-8 levels were lower after
6 h of stretch as compared with 24 h, but a
significant increase was still evident as compared
with the static cells. Six hours of stretch at 20
cycles/min to a maximal of 30% elongation in-
creased IL-8 from 7.02 (SD 3.86) to 13.7 (SD 3.47)
ng/ml (n ¼ 5, Po0:01). Finally, at a reduced rateof stretch of 10 cycles/min, IL-8 concentrations
increased after 30% stretch compared with static
levels, (from 3.76 (SD 2.75) to 6.93 ng/ml (SD 3.89),
n ¼ 3), but overall IL-8 production was reduced as
compared with higher cycling rates, and this did
not reach statistical significance. Cell viability was
not reduced after the maximal dose, rate or
duration of stretch used in these experiments
(cyclic stretch at 20 cycles/min to a maximum of
30% elongation for 24 h) (data not shown).
In contrast, stretch caused a decrease in both
RANTES secretion in a time-, dose- and rate-
dependent manner (Fig. 2). Baseline RANTES levels
in the supernatants of unstimulated BEAS 2B cells
were below the threshold for detection. After
stretch for 24 h at 20 cycles/min to a maximum
of 30%, RANTES levels released by stimulated
and stretched BEAS 2B cells decreased from the
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Figure 3 (A) Rho-kinase inhibitor, Y-27632 blocks IL-8
release by stimulated and stretched BEAS 2B cells. There
was no significant difference in IL-8 levels in the cell
supernatant from either unstretched or stretched wells
when Y-27632 was added to the cell medium. (B) RANTES
baseline release from stimulated cells with and without
Y-27632 was not significantly different. After 24 h of 20
cycles/min to a maximum of 30% elongation, RANTES
levels fell significantly even after addition of Y-27632.
Effects of mechanical stretch on mediator release from bronchial cells 1593static culture level of 1310 (SD 1040) to 591 pg/ml
(SD 894; n ¼ 11; P ¼ 0:049) in the stretched cultures
(Fig. 2A). This pattern was also evident after 6 h of
stretch, falling from 2145 (SD 1300) to 1125 pg/ml
(SD 654; n ¼ 3). A significant decrease was seen at
20% stretch (from 4030 (SD 1148) to 3740 pg/ml (SD
1100); n ¼ 4, Po0:01), and a similar trend at 10%
(from 2170 (SD 982) to 1780 pg/ml (SD 842); n ¼ 7)
although this did not reach statistical significance
(Fig. 2B). Reducing the rate of stretch from 20 to 10
cycles/min resulted in lower levels of RANTES, with
a reduction of 71%, from 115 (SD 51.3) to 33.3 pg/ml
(SD 31.3) (n ¼ 3, P ¼ 0:02).
Effect of stretch on expression of mRNA by
the BEAS 2B cell line
Real-time PCR was used to quantify changes in IL-8
mRNA with stretch. mRNA generated by stimulated
BEAS 2B cells increased by 57% after 6 h of cyclic
stretch, from 83.5 (SD 44.0) to 131 (56.6; n ¼ 3).
After 24 h, the amount of mRNA present in both the
static and stretched BEAS 2B cells was much lower,
but levels in the stretched cell cultures were still
55% higher than the static cells, 9.51 (SD 7.37)
compared with 14.7 (9.28).
RANTES mRNA decreased after stretch. After 24 h
of stretch, RANTES mRNA levels from stimulated
BEAS 2B cells fell by an average of 59% (n ¼ 3), at
1.45 (SD 1.48) compared with 4.76 (SD 1.96) with the
static cells. At 6 h, between the three experiments,
there was on average 34% less RANTES mRNA in the
stretched as compared with the static cells,
although overall levels were minimal.
The role of the integrin signalling on stretch-
mediated effects
We used a specific inhibitor of Rho-activated
kinases, Y-27632 to block Rho-mediated intracel-
lular signalling, and therefore integrin-mediated
mechanotransduction. When Y-27632 was added to
the cell supernatant prior to stretch, the increased
IL-8 response to stretch previously seen was lost
(Fig. 3A). There was no significant difference in IL-8
levels in the cell supernatant from either un-
stretched or stretched wells when Y-27632 was
added to the cell medium (23.5 (SD 9.86) vs. 30.1 (SD
8.85) ng/ml, n ¼ 4). In contrast, control stretched
wells released significantly higher quantities of IL-8
than static controls. Y-27632 had no effect on the
stretch-induced inhibition of RANTES release by
BEAS 2B cells (Fig. 3B). RANTES baseline release
from stimulated cells with and without Y-27632
was not significantly different (713 (SD 397) vs.952 pg/ml (SD 223)). After 24 h of 20 cycles/min to a
maximum of 30% elongation, RANTES levels fell
significantly even after addition of Y-27632 (382 pg/
ml (SD 325), P ¼ 0:01).Effect of stretch on localisation of paxillin
Given the dependence of stretch-induced IL-8
production on the activity of rho kinase, we
reasoned that cell tension may achieve these
effects by promoting the assembly of integrin-
containing focal adhesions. If so, it would be
possible to envisage a mechanism whereby coales-
cence of the various signalling kinases and adaptors
known to be recruited to these structures could
initiate signalling, leading to the synthesis of IL-8.
To test this, we studied the distribution of the focal
contact protein paxillin by immunofluorescence.
30% stretch at 20 cycles/min for 24 h resulted in a
striking change on the pattern of expression of
paxillin. In unstretched and unstimulated cells
ARTICLE IN PRESS
R.A. Thomas et al.1594paxillin exhibited clear staining in focal adhesions,
which were located at the ends of actin stress fibres
(Fig. 4A, E). Following stretch of both unstimulated
and stimulated cells, paxillin was no longer present
in focal adhesions, but was located primarily in theFigure 4 Stretch promotes focal adhesion disassembly.
BEAS 2B cells were plated onto fibronectin-coated
membranes and subjected to 30% stretch at 20 cycles/
min for 24 h (C,D,G,H; stretch) or cultures were allowed
to remain static (A,B,E,F; control) in the absence (A–D)
and presence (E–H) of 5 mg/ml TNFa and IFNg. Cells were
fixed in 2% paraformaldehyde and paxillin was visualised
by indirect immunofluorescence (A,C,E,G; green) and
counterstained with Texas Red-phalloidin to visualise the
actin cytoskeleton (B,D,F,H; red). Bars, 10 mm. This figure
is a representative example of three experiments.cytoplasm and appeared to be enriched in the
vicinity of the nuclear membrane (Fig. 4C, G).
These data indicate that although rho kinase is
clearly necessary for stretch-induced responses,
increased synthesis of IL-8 does not correlate with
focal adhesion assembly. Conversely, stretch ap-
pears to be a strong stimulus to focal adhesion
disassembly. This indicates that activation of rho is
matched by a correspondingly strong signal, such as
activation of c-src, which acts to dismantle focal
adhesions and redistribute these components to the
juxta-nuclear region. It is possible that this acts in
combination with rho to signal increases in IL-8
production.Discussion
We have shown that constitutive IL-8 release by
BEAS 2B cells is increased by stretching the cell
culture membrane, and that this effect is depen-
dent on the time, rate and amount of stretch. We
report the novel observation that stretch causes a
reduction in the synthesis of RANTES by BEAS 2B
cells. We have also shown for the first time that the
increase in IL-8 requires the activity of rho-
associated kinases. However, the cellular mechan-
isms leading to enhancement if IL-8 synthesis is
unlikely to be simple, as shown by the almost
complete disassembly of focal adhesions that
occurs with stretch.
It has previously been demonstrated18 that the
A549 cell line, when subjected to a maximal 30%
elongation for 20 or 40 cycles/min, releases
significantly more IL-8 than controls. However,
Vlahakis et al.18 did not demonstrate an increase
in IL-8 release from A549 cells at elongations less
than 30%. A subsequent paper,19 also with A549 cell
line, reported a stretch effect on IL-8 release at
40% stretch, but no significant increase with 20% or
12%. With significant increases in IL-8 release at
elongations of both 30% and 20% stretch, we have
shown that the cell response to mechanical stimuli
is dose dependent. That we found a difference in
response at 20% to these other papers may reflect
the differences between BEAS 2B and A549 cells,
and we would propose that our model is a more
physiologically relevant model of the airway
epithelium in vivo. A549 cells represent alveolar
type II cells, which only contribute approximately
5% of the airway epithelium. Our results confirm
work by Oudin and Pugin,20 who reported increased
IL-8 from BEAS 2B cell cultures exposed to 20%
stretch at 20 cycles/min for 8 and 24 h. There was
also a distinct trend towards an effect at 10%
stretch in our hands.
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is not well recognised, although Savla et al.29 have
reported a reduction in release of prostaglandin
PGE2, PGI2 and thromboxane A2 after stretch, by both
a human airway epithelial cell line and primary
cultures of cat tracheal epithelial cells. Arachidonic
acid metabolites such as these have a very different
role to IL-8 in the adult lung. Whereas IL-8 has a
prominent role in infectious disease as a potent
neutrophil chemoattractant,15,16 prostaglandins and
thromboxanes contribute to airway smooth muscle
tone and inflammatory responses.4–8
RANTES is a chemokine and a ligand for CCR3 and
CCR5. It promotes the recruitment of eosinophils
and lymphocytes into the airway.30,31 It is interest-
ing to speculate the teleological reasons why
stretch should increase some mediators and de-
crease others. IL-8 is constitutively expressed by
bronchial epithelium and could be seen as a
homoeostatic chemokine, which is involved in
immune surveillance causing continuous recruit-
ment of neutrophils into the lumen as part of lung
host defence. RANTES, however, is only expressed
during inflammatory responses. In this model,
stretch-induced effects could be seen as anti-
inflammatory, with a role in maintaining normal
lung homoeostasis. Of note, short-term (15min)
stretch has been shown to inhibit agonist-stimu-
lated leukotriene synthesis by adherent eosino-
phils,32 further evidence of an anti-inflammatory
effect.
Estimating the amount of stretch that occurs in
vivo is problematic, and we acknowledge a diffi-
culty in assessing the physiological relevance of the
stretch applied to our cell cultures. Measurements
of in vivo stretch based on resected animal lungs
are complicated, with surface tension and aleolar
surface area dependent on whether measurements
are taken on inflation on deflation, the method of
fixation, quantity of surfactant amongst other
factors.33 Tschumperlin and Margulies34 reported
up to 40% increase in epithelial basement mem-
brane surface area near the limits of lung inflation.
Inflation of isolated lung models from 40% to 80%
total lung capacity has shown wide variation in
alveolar surface area, from 8% to 28%.34,35 To try
and produce as representative a model as possible
of in vivo conditions, we therefore used a range of
elongations. We recognise that the maximal stretch
of 30% may not portray tidal changes, but is more
likely to represent pressure changes seen at
extreme lung volumes, mechanical ventilation, or
when pressures are magnified due to increased
pulmonary resistance.
It has been suggested that increased inflamma-
tory mediator release in response to stretch mayrepresent a toxic insult to the cells in culture, as
opposed to a genuine cell signalling response.
Tschumperlin and Margulies36 reported death of
rat type II epithelial cells with smaller elongations.
In contrast, Vlahakis et al.18 found no significant
effect on A549 cell counts or functional integrity
(as assessed by 51Cr release) with maximal stretch
of 30% at 40 cycles per min. We also found no
significant difference in cell counts or cell viability
between stimulated control and stretched and
stimulated cell cultures, and can conclude that
the increase in IL-8 is not a function of cell injury or
death. Increased IL-8 was evident after both 6 and
24 h of stretch stimulus. On comparison of the two
timepoints, levels of IL-8 after 6 h of stretch were
significantly less than at 24 h, although there was
no difference in the control levels at these times.
Therefore, minimal stretch duration is required to
stimulate IL-8 release, with the effect magnified by
continued stretch, and we found no evidence of
tolerance developing to the stretch stimulus by
24 h. The attenuation of the stretch effect at
reduced rates, durations and degrees of elongation
suggests that, as occurs in a clinical model of
respiratory distress, a combination of increased
rate and elongation is required for a cytokine
response.
Alongside protein levels, IL-8 mRNA was in-
creased after 6 h of stretch, an effect that was
still present, although greatly attenuated, at 24 h.
The reverse pattern was seen with RANTES mRNA,
with a maximal decrease at 24 h. Changes in RNA
make it unlikely that post-transcriptional change is
involved in these cytokine responses, and the
difference in time course between the two suggests
that they are mediated through different signalling
pathways. The method by which a cell senses
stretch and turns that response into an intracellular
signal is known as mechanotransduction. Several
methods have been proposed, but the bond formed
between the cell surface receptors, integrins, and
the proteins of the ECM is a likely candidate,
situated perfectly to transmit any change in the
ECM length or tension either by conformational
change or quantity of the signalling molecules. The
role of downstream effector molecules in mechan-
otransduction by bronchial epithelial cells has been
explored in two papers.19,20 In A549 cell cultures,
protein kinase C (PKC) phosphorylation was upre-
gulated by stretch, and pretreatment with a PKC
inhibitor blocking the IL-8 response to stretch.19 In
the second study, similar results with mitogen-
activated protein kinase phosphorylation and in-
hibition were seen.20 Despite these dramatic
results, questions still linger over the precise
method of mechanotransduction in these epithelial
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stream effector targets.
The Rho members of the GTPase family were first
identified as functional signalling molecules in the
1990s, when three isoforms—RhoA, RhoB and RhoC
were cloned in mammalian cells.37 Rho activation
initiates downstream signalling via a number of
intracellular signalling pathways, including the
Rho-associated coiled coil forming protein serine/
threonine kinase (ROCK).38,39 Inhibitors of Rho
proteins, such as bacterial toxins, have been shown
to inhibit integrin-mediated cell functions.40 We
proposed that the epithelial cell cultures were
sensing the mechanical signal through ECM to
integrin signalling. To test this hypothesis, an
inhibitor of ROCK, Y-27632 was used. This has been
shown to be taken up by the cells by facilitated
diffusion, and is therefore effective when added to
cell supernatants.28 Published data have reported
inhibition at concentrations of 107 and almost
complete at 105 and that Y-27632 blocks known
actions of the ROCK kinases, namely stress fibre
induction and neurite retraction. Addition of
Y-27632 to our cell cultures inhibited the response
of epithelial cells in culture to stretch, whilst
leaving the response to TNFa unchanged in static
cells. This demonstrates that although TNFa is
unlikely to signal via rho kinase, stretch-induced
enhancement of IL-8 secretion clearly requires this
pathway. In a recent paper, chemical injury induced
by oleic acid in rat lungs was reversed by the
addition of the rho-kinase inhibitor Y-27632,41
suggesting a protective role of stretch in lung
injury mediated via these signalling pathways. In
our data, RANTES inhibition by stretch, was not
affected by Y-27632, again suggesting an alterna-
tive pathway for this response.
It would be tempting to propose a simple
mechanism whereby stretch-activation of rho sig-
nalling leads to recruitment of signalling moeities
to focal adhesions which, in turn, is responsible for
increased IL-8 production. Our immunofluorescence
data indicate that such a simple interpretation is
unlikely to be valid, as stretch is clearly a powerful
stimulus to disassembly of focal adhesions. This
finding is not altogether unsurprising, given that a
number of recent publications indicate that stretch
activates intracellular signalling pathways that
would be expected to increase the disassembly
and turnover of focal adhesions and complexes.
In conclusion, our data suggest the existence of a
mechanism whereby stretch activates pathways
that lead to increased turnover (i.e. coordinate
assembly and disassembly) of focal adhesions. We
have shown that physiological amounts of stretch
affect epithelial cell mediator release, with differ-ent outcomes and mechanisms depending on the
mediator studied. We therefore propose that over-
all the effect of stretch is downregulatory and
designed to maintain normal lung homoeostasis. We
have provided evidence that the effects on IL-8
release are mediated through cell to ECM contacts,
with the novel idea that dynamic turnover of focal
adhesions plays a key role in the expression of pro-
inflammatory mediators.Acknowledgements
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